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Ab initio guided optimization of GaTe for radiation detection applications

Cedric R. Lead and Vincenzo Lordi
Lawrence Livermore National Laboratory, Livermore, CA, 94550, USA

The development of semiconductor-based radiation detetiiat display high energy resolution while op-
erating at room temperature is a pressing need for bothtg@eapplications as well as homeland security.
Practice has proven that the real performance of materiassich applications is often hindered by intrinsic
defects and accidental impurities. Experimental effatisriprove the properties of such materials are both time
consuming and costly, since they rely largely on trial amdreiin this paper, the properties of gallium telluride
(GaTe)—a high Z, moderate band gap semiconductor—aretigaésd for room-temperature radiation detec-
tion applications. Systematic theoretical modeling basediensity functional theory calculations is used to
suggest experimental processes to grow this semicondwittooptimal properties, by judiciously identifying
the most detrimental native defects and devising ways tonnie their occurrence as well as compensating
their electronic impact on the crystal. The analysis suggist material grown Ga-rich would have signif-
icantly higher resistivity, carrier mobilities, and carilifetimes compared to Te-rich material. In addition,
Ge doping and In doping can be effective for carrier comp@msaf the material. Doping with Ge can be
especially effective, if the ambipolar nature of subsittoal incorporation on both Ga and Te sites is exploited.

PACS numbers: 61.72.Bb, 71.55.Ht, 72.20.Jv, 61.50.Ah

I. INTRODUCTION lent material is Cgzn,_,Te (CZT), which has a band gap
large enough for low-noise operation at room-temperature.
However, the addition of ( 10 at%) Zn to CdTe to form the
CZT alloy introduces significant internal strains to the lat
éice, making the growth of large defect-free single crystl

CZT difficult. Often, only small grains can be harvested from

a grown boule, manually selected to exclude portions of the
crystal containing extended defects. For a high performanc
GZT detector, many such small pieces must be harvested and
combined to obtain sufficient volume for efficient absorptio

> 1010 Q-cm, are sought. In semiconductors, the main sourc f radiation, leading to a very high material cost (often-pro

of these undesired free electrons or holes are crystalbiré p ibitive for high-volume applications)?
defects and impurities. Not only may such defects add free Thus, the pursuit of new materials for efficient, high-
carriers to the material, but they also disturb its periguie ~ resolution radiation detectors operating at room-tentpega
tential, which can result in significant scattering of carsi has been intense. The criteria for a high-performance semi-
flowing in an electric current, reducing their mobilitiesok¢-  conductor material are: (a) high, (b) a band gap sufficiently
over, native defects and impurities can introduce sengifill large relative to thermal excitation of carriegzX.6 eV), (c)
levels in the band gap. These levels can accept or donate elddigh carrier mobilities, (d) long carrier lifetimes, ang tbe
trons to the host material, acting as carrier trapping eente possibility to grow the material with high crystallinity dpu-
reducing the effective lifetimes of the photo-excited . rity. Within these criteria, gallium telluride (GaTe) is agsi-
The detector energy resolution, which is sought to be maxible strong candidate, with a band gapaf.7 eV 4 and also a
mized, is degraded if incomplete carrier collection ocdars relatively high averag# of 45, with Zg, = 31 and Zte = 52.
the device from the carrier drift length (mobility lifetime x ~ Several groups, however, have reported that as-grown imlater
electric field, orur E) being too short compared to the phys- appears always to kgtype, with high free carrier concentra-
ical dimension of the device. For detection of gamma raygions (~10'-10'" cm~?), low resistivities (-20-20002-cm),
and X-rays, absorption depths are on the order of a centimet@nd very low carrier mobilities10-60 cni/V-s).*°
for most semiconductors, so an ideal value of gthdigure of In the report, we describe the use of a fudly-initio theo-
merit is on the order of 02 cm?/V or greater.? retical tool set’>'?to analyze how intrinsic defects and acci-
Currently, two semiconductors are dominant for applica-dental impurities hinder the performance of GaTe as a room-
tions in radiation detectors. The firstis germanium, a niter temperature radiation detector, and how possible compensa
which routinely can be grown with high purity and extremetion dopants behave to improve the properties. In Sect. Il,
crystallinity, in addition to presenting extremely highrgar ~ we discuss the computational methodology. In Sect. Il A,
mobilities. The disadvantages of Ge are that it posses®ts a rwe evaluate which intrinsic defects are prevalent under dif
atively low atomic numberX), which leads to a long absorp- ferent growth conditions and determine their electronie na
tion depth, and a relatively small band gap, which requiresure as either acceptors or donors and any deep levels they
cryogenic cooling to achieve low-noise operation. The re-ntroduce. The computational results are assessed agamnst
quirement for cryogenic cooling limits large scale apgimas  perimental data. In the Sect. IlI B, we analyze the effects of
and increases the cost of Ge-based deviddse other preva- two likely impurities, O and H, on the electronic structuffe o

Among the plethora of applications of semiconductors in
electronic devices, the fabrication of radiation detesisione
in which the presence of free carriers is not desirable. Th
operation of such detectors relies on the ability to prégise
measure photo-induced current in the material, enabliag th
inference of the energy of the incident radiation. For this-p
pose, background free carriers in the material add noise t
the desired signal. Therefore, materials with high restgti



the material. In Sect. Il C, we study two possible Compen_TABLE I: GaTe structural parameters for different calcidas.The

sation dopants for GaTe: In, which may diminish the occur- rimitive vectorsa andb are contained on the layer plane ang

rence of Ga vacancies; and Ge, which may counteract the eXz. << he layers. Bond lengths and distances are givéq e

cess of holes consistently reported for as-grown mateff@.  5ngjey formed between the vectornd the plane formed by vectors
net excess carrier concentrations in the material f_or the vaaandb is given in degrees, andrepresents the percent discrepancies
ious cases we consider are determined self consistently am@tween the theoretical and experimental data.

reportgd in Sect. IlIE. The results indicate that the presti Expermentdl GGA zooa(%) LDA zion (%)
material sho_ulld be-type over most of thg allowed range olf Gal-GaD 543 546 123 239 165
growth conditions. However, our analysis shows that the in- 553 _Ga3 244 248 1.64 241 1.23
troduction of impurities, particularly H, even in relatlydow Gal-Tel 2.64 269 1.89 264 ~0
concentrations can turn the matepalype, in agreement with Ga3-Te3 2.69 272 112 267 074
experiments. We further show that Ge doping can be effec- a 23.76 23.97 0.88 2343 1.39
tive for compensating the free carriers in GaTe, resulting i b 4.068 414 177 406 0.2
higher resistivity material, particularly when combineithwa c 10.46 1126 7.65 1025 201
careful annealing prescription. Finally, in Sect. Il F, esea- gl 45.4 48.65 7.16 4450 1.98

lyze the impact of each considered defect or dopant on charge  “Ref. 22
transport (carrier mobility) in the material. We find thaeth
dominant Ge- and In-related defects are much weaker carrier
scatterers than some of the most frequent intrinsic defects
GaTe, making these elements desirable dopants. In Sect. IV,
the whole of the results are considered in terms of the pesiti

and negative effects of each considered defect on the detec‘S
tion performance of GaTe. The most detrimental defects and ~% ! [
impurities are identified, and the efficacy of each dopant is [
considered in light of any possible negative effects onakevi g
performance. Finally, in Sect. V, we summarize our results
and present suggestions for crystal growth processes to pro
duce higher quality material for radiation detection aggi

tions. -1
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FIG. 1: DFT-LDA band structure of GaTe. The energy of the naée
|band maximum has been set to 0 eV.
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II. CALCULATION DETAILS

Calculations were performed using density functiona
theory (DFT¥314 within the local density approximation

(LDA)'S and the supercell approximation. Core electrons

were treated with the projector-augmented wave (PAW)Ejhe BZ, as Pf?}’_‘ous'ﬁ’ relport(f]d.(:)nclléding spin-orbit elﬁepts
method!617 as implemented in the Vienn&b Initio Simu- oes not significantly alter the band structure, as alsoiprev

lation (VASP) codé®2L Valence electrons were represented®US!Y 'éported? so we neglect it here.) The calculated band
with planewaves using an energy cutoff of 380 eV: for calcy-9ap is 0.68 eV, significantly below the experimental value of

lations involving oxygen atoms, a planewave cutoff of 500 ev/1-8 €V:**as expected for LDA. o

was employed. Structural optimizations were performed The Brillouin zone for GaTe is shown in Fig. 2. The band

using a conjugate gradients algorithm until the Hellmann-edges coincide with the high symmetry poisit The direc-

Feynman forces on all atoms were less than? eV/A. tion Z-I" corresponds to the direction across the atomic lay-
GaTe presents a layered and highly anisotropic structur&'s: perpendicular to the projection plane in Fig. 3. The di-

with a monoclinic primitive cell composed of 6 Ga—Te urfts.  rectionsZz—M andZ—H, respectively, correspond to the two

Brillouin zone (BZ) sampling was performed using the tetra-in-layer directions indicated by the Y and X axes in Fig. 3.

hedron method with 88 irreducible points in the primitivéice ~ Previous experimental work on other layered materials,

(7 x 7 x 6 sampling). Our tests indicated that after full atomic such as GaSe, has established that unexpected anisotropy of

and volumetric relaxations, the LDA reproduces the measurethe effective masses of carriers often is found, with values

crystal structure, including the interlayer spacing, aiged as much as four times smallecross the layer planes than

to the lattice vectoc indicated in table | with errors of less Within them?® For GaSe, this is the case for holes, whereas

than 3%. Calculations using the PBE generalized gradient agor electrons the effective mass in the layer plane is about

proximation (GGA? resulted in errors greater than 7% for three times smaller than perpendicular to it. Experimetal

the interlayer spacing (see Table I). sults for the effective mass of holes in GaTe point to similar
The LDA calculated band structure for bulk GaTe, showneffectsimj | = 1.0 andmj, = 0.2 were reported in Ref. 27,

in Fig. 1, also reproduces the main features of the experiwhile mj, = 0.995 andm;j = 0.46 were reported in Ref. 9.

mental data, including a direct band gap at thepoint of  Neither of these works report measured effective masses of



FIG. 2: (Color online) Brillouin zone of GaTe with the recjmal
lattice vectors and high symmetry points indicated.

TABLE II: Calculated effective masses, in unitswab, for electrons
(m?) and holes#;) in GaTe in different crystallographic directions,
using the LDA.

BZ direction (see Fig. 2) ms  mj,
Z-T" (across atomic layers) 0.160 0.123
Z—-M (in-layer, along Y in Fig. 3) 0.198 0.166
Z-H (in-layer, along X in Fig. 3) 0.132 0.746 FIG. 3: (Color online) GaTe supercell with main defect inganation
sites indicated. Ga atoms are small brown spheres and Tes ai@n

large light blue spheres. Different substitutional sitestaghlighted

o . in red and green for Ga and Te, respectively, and labéledd 3.
electrons. They also do not distinguish between the unequahterstitial sites are indicated by labdls— I,. Note that siteg and
directior;s within the layer planes of GaTeq., axes Xand Y 1, differ in that I, is within the atomic layer whild, is over it.
in Fig. 3).

Given the two different orientations of the Ga—Ga bonds

in the structure of GaTe, it is reasonable to expect signifiindicated on the figure. For this supercell, we used 28 irre-
cant differences in the transport of carriers even in dififer ~ducible points§ x 3 x 6 mesh) for the Brillouin zone sampling
in-plane directions. Indeed, we find that is the case, particwith the tetrahedron method. Finite-size errors were check
ularly for holes, as shown by the effective masses listed irRgainst a 192-atom supercell containing two unit layers (di
Table Il, which were extracted from the calculated bandcstru mensionsi6.18 x 23.42 x 20.53 A), for the case of a Te va-
ture. Our calculated results show that along fhelf direc-  cancy; differences in defect formation energy and intrp-ga
tion (in the planes, along the horizontal Ga—Ga bonds) sholecharge transition levels between the two supercells were of
have an effective mass almost 6 times smaller than in the othéhe orderl0~ eV. We preferred the use of 144-atom super-
in-plane directionZ—H (perpendicular to the Ga—Ga bonds). cell for the bulk of the work presented in this paper due to its
The hole effective mass across the layers is the lower tha@ireater uniformity.
both in-plane directions, in general agreement with theeexp ~ Charged defects were studied by adding or removing elec-
iments. Electrons show only a weak anisotropy of the effectrons from the supercell and adding a compensating uniform
tive masses. One might simplistically deduce the anisgtropbackground charge to ensure charge neutrality of the period
of carrier mobilities in the different directions by comjpay ~ system (by the usual approach of nullifying tie= 0 term
the effective masses, however for the across-plane directi Of the potential energy Fourier transform). Spurious etect
the mobility apparently is limited by scattering off homdgo ~ static interactions between the charged defect and iteghieri
optical phonong? leading to relatively lower carrier mobili- images were analyzed to first order with the Makov-Payne
ties in this direction. In any case, one must choose Ca;efunmonopole-monopoleterﬁi‘:
and control were to place electrical contacts with resettte

2
crystallographic directions when fabricating devicesdlac- Eyp = _ﬂ, (1)
trical measurements of GaTe, and ultimately for fabrigatin 2Le
detectors. whereq is the charge state of the defect under consideration,

For the study of point defects in the GaTe structure, wen is the madelung constant of the supercell (0.9 for the cell of
used a supercell composed of 144 atoms, with dimensionBig. 3), L is the distance between image defects (in our case,
24.23 x 23.40 x 10.26 A, and thea andb supercell lattice 24 A for the largest distance and A for the shortest one) and
vectors aligned with the layer plane (see Fig. 3). Figure 3 is the dielectric permittivity of the material (7.7 for G&Je
also indicates the possible defect incorporation siteste No We note that the large size of the supercells used in this work
that the stacking of the layers is tilted relative to thexis lead to corrections in the total energy from Eq. (1) of lessith
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25 meV for doubly-ionized defects, which is practically neg
ligible.

I11. RESULTSAND DISCUSSION

A. Intrinsic defects

. £ 0.15 Ga2 ——
1. Sructure and electronic character Bt — Ga3 I\
& ==—=5'TEl
The low-symmetry and anisotropic structure of GaTe re- £ Te2
quires consideration of several nonequivalent defectrpmo '_E 0.1 ---Te3 7
ration sites, which are highlighted within a supercell ig.R3. E

In general, the unit cell contains six atoms, with three sym- ¢
metry inequivalent Ga and Te sites each. The substitutional 0.05
sites are highlighted in black and dark red for Ga and Te, re- &

spectively. The Ga sites indicated by 1 and 3 are qualitgtive g
different by involving either in-plane Ga—Ga bond} ¢r per- 0Lk ¢ i ; 4
pendicular Ga—Ga bond8)( We refer to the in-plane Ga— A 0.4 0.6 0.8 1
Ga bonds are “horizontal” and perpendicular Ga—Ga bonds Energy (eV)

as “vertical” in the remainder of this text. The two differ- . , ) .

ent Te sites are categorized by the number of bonds made fdC- 4: (Color online) Density of states at tiepoint of the Brillouin
each type of Ga atom: site 1 has two bonds to “horizontalZo"e: projected on each of the inequivalent atoms of theifren
Ga atoms and one bond to a “vertical” Ga atom, while Sitecell of GaTe. On top, we show an edge-on view of one atomiclaye

M o .- of the crystal, with Ga atoms represented by smaller spteréde
3 has all three bonds to “vertical” Ga atoms. Two additional,; < by larger ones. Different colors correspond to thierifit

substitutional sites, labeled 2, correspond to Te atomsmgak  gjiag (refer to the text), as labeled in the key. The top oftience

one bond to horizontal Ga atoms, as well as vertical Ga atomgand was set at 0 eV and a Gaussian smearing of 0.2 eV was used.
with no bonds to Te atoms on site 3.(See also Fig. 4.) De-

fects on sites 2 were not explicitly calculated for most sase

since their characteristics are similar to sites 3. Figuitieig- in the compound is alwaywer (i.e, more negative) than
trates the qualitative electronic difference betweenkiéd  the element’s bulk potential, (i) the heat of formation bét
sites 2 and 3, for both Ga and Te sites, by showing the atontompound AH, equals the difference between the elemen-
projected local density of states at the band edgepdint  tal chemical potentials in the compound and their uppettsimi
in the Brillouin zoné?). A clear distinction of site 1, with a (j.e, their bulk values), and (jii) there can be the occurrence
small contribution to the formation of the band-edge statesof competing phases involving the constituent elements and

and the similarity between sites 2 and 3 is apparent. Thus|so possibly impuritiese(g., Ga, Te;, GalnTe, GeTe, etc.).
we can expect different behavior of substitutional deféets  Symbolically, we have:

corporated on the different sites, which we will show below

to be the case, markedly for some defects. Finally, four dif- pe < uB

ferent interstitial sites, which can be occupied by eithard® _ B B

Te atoms, are also indicated in Fig. 3 by translucent circles o+ py = Ay ®)

labeled | to l,. Hay S Haoys, oy S Hayz -
We calculate the equilibrium concentration of each intrin-

sic point defect from its formation energ ¢, which for

moderate pressures and temperatures is givé‘h by

AEj = Eq — (Ep — npie +mpy) + q(pe + Evem), (2)

where i, and 2 represent the chemical potential of con-
stituentz in the compound and in the bulk, respectively. The
compound heat of formation is given by

AHp = iy — p — pb. @)
whereE; and E, are the total energies of the defective and ! Y Y

the pristine supercells, respectively,(m) is the number of  The equilibrium concentration of a defect is then given by
atoms of element (y) removed from (added to) the supercell

and added to (removed from) a reservoir whose chemical po- Ey

tential isy.. (11,), ¢ is the amount of charge exchanged from a €= coexp (_kB—T> ’ ®)
reservoir with electron chemical potentjal, which we refer-

ence to the energy of the valence band maximbg,y . wherec is the concentration of possible sites for the defect,

The energies of the atomic chemical reservoirs in equilib4p is Boltzmann’s constant, arilis absolute temperature.
rium with the crystal depend heavily on the growth condision ~ The formation energy of each intrinsic defect is calculated
However, we can set limits on their variation from the fol- using Eq. (2), for each possible incorporation site. Thedgon
lowing requirements-2%30 (i) the atomic chemical potential tions of Eq. (3) are applied to compute the formation energie
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under conditions of stoichiometry (equal amounts of Ga andiependence of the electronic character of defects on Ga site
Te atoms to react, Qtga = ure = AHy/2), the Ga-rich limit  In particular, the intragap levels introduced By, and Tesa
(1ea = p8,andure = 0), or the Te-rich limit (1re = ¥, and  are significantly deeper on site 3 than site 1. For the case
nea = 0). The results for the most important defects (low- of Vs, which is an acceptor, the deep level corresponds to
est formation energies) are shown in Fig. 5. Data for initins the transition from the-1 to —2 charge state, while for the
interstitials on siteds, I35, andl, are excluded from Fig. 5, negative U Te, defects, the transitions are froml to —1
since they have significantly higher formation energy thren i charge states. This site anisotropy is not observed forctiefe
terstitials on sitd; (between 1 and 0.37 eV for Te and 0.8 and on Te sites {7 and Gag), for which the charge transition lev-
0.2 eV for Ga). We also haven't observed qualitatively diffe els are not site-dependent. We will see later, however, that
ent electronic behavior between interstitials on thesssihd  this site anisotropy on Ga sites does not carryover to the cas
on sitel;. of dopants and actually has much to do with electronic rear-

The formation energies of the charged intrinsic defects imrangement at the Te sites surrounding the defects.
GaTe as a function gf.. are displayed in Fig. 5. For clarity,  In Fig. 7, we show partial charge density plots @ and
only Fig. 5(b) shows all of the defects studied, while Fi@)5( 14, to compare the electronic nature of the two Ga sites.
and (b) only show the six lowest formation energy defects foPartial charge densities corresponding to the two highigt f
the respective chemical condition. We note that the vamiati  occupied levels, a semi-filled state at the Fermi level, &ed t
in the chemical environmentiga andure) only shift the for-  Jowest fully unoccupied level are shown for each defect (see
mation energy curves up or down, but do not change the pdigure caption). The most striking differences occurs far th
sitions of the charge state transitions indicated by sysimol  highest occupied level [(b) vs. (f)] and the semi-filled leve
the Fig. 5. [(c) vs. (g)]. These dissimilarities indicate a differericghe

We observe a general trend that antisites on positions lasymmetry and the very nature of the levels associated wéth th
beled 1 and interstitials on positions labelédin Fig. 3  same nominal defece@., Vsa) When it is placed on the differ-
present significantly lower formation energy than the corre ent Ga sites. More subtly, while the second highest occupied
sponding defects on sites labeled 3/gr The reason is that level [(a) vs. (e)] and the lowest unoccupied level [(d) vs.
sites 1 are closer to the domain of horizontally aligned Ga—G (h)] appear generally similar for the two sites, there is agno
bonds, where the lattice is more open and can more easily apronounced reorientation of the lone pairs on the surround-
commodate defects with increased volume. This phenomendng Te atoms toward the defect for thgs case compared
is shown in Fig. 6, where the relaxed structures of Te and G& V5. This indicates that the lone pairs of the Te atoms
interstitials on sited; and I, are compared. The increased around the defect reorient in order to partially reform the-b
lattice distortion and local strain in the interstitials is appar-  ken bonds left by the vacancy. This reorientation of the Te
ent, while thel; interstitials relax into the open space aroundlone pairs does not occur for defects on Te sites, which are
the horizontal Ga—Ga bonds. Similarly, interstitials ote si always surrounded by neighboring Ga atoms, explaining the
I, have significantly lower formation energy than on dite  lack of electronic anisotropy observed for defects on diifi:
because in the former case the impurities relax into the opeme sites.

region of horizontal Ga-Ga bonds. For vacancies, the trend Tq fyrther understand the site anisotropy for defects on Ga
is the opposite, since these are negative formation vollene dsjtes, we examine in Fig. 8 the bonding configurations around
fects. Thus, the formation energiesiafa andVre are lower  Ga-site defects and the symmetry of the surrounding bond
on site 3 than on site 1, since the atomic packing is highefengths. The lefthand-side figures correspond to defec®zon
around site 3 and a vacancy generates less structural d@fornjte 1, while the righthand-side figures correspond to dsfec
tion than on the emptier region of site 1. on Ga site 3. Three different defects are shown for illusirat
Figure 5(a) shows that for Ga-rich conditions, the dominanty;,,, Tes,, and Gea. The last defect, which is an impurity, is
defect for intrinsic material and across most all of the bandjiscussed in more detail in Sect. 111 C below.
gap is_ the _positively chgrged Ga interstitial}Ga Forn-type Comparing the uppermost panels for the tig, defects,
material with the Fermi level in the upper part of the band, e see why the reorientation of the Te lone pairs is more pro-
gap, negatively charged Ga antisitesrGare dominant. For ., nced in rebuilding the broken bonds fégs than forVsa:
Te-rich conditions shown in Fig. 5(c), a delicate balance ex e gistances between the remaining Ga atom near the vacancy
ists among the predominant defects. The Ga mtersnuéﬂ*Ga and the surrounding Te atoms are smaller on averagéfor
dominates for highlyp-type conditions, while T8, Tes;.  than they are fobsy : the bond lengths are also more symmet-
and VGlag all have low formation energies near intrinsic con- ric for V4. Moreover, we see that for &g (the middle pan-
ditions. For highlyn-type material, the doubly negative Ga els in Fig. 8) the symmetries of the atomic relaxations (Jahn
vacancyV¢ is dominant. Under stoichiometric conditions Teller distortions) are quite different on the two sites.isTh
shown in Fig. 5(b), the material behaves similarly to Garric explains the change in the symmetry of the highest occupied
conditions, with the Ga" dominant for electron chemical po- and semi-filled levels ofi's, illustrated in Fig. 7. Finally, in
tentials through most of the band gap, big; dominate for  the bottom panels of Fig. 8, for the Gesubstitutional defect,
highly n-type conditions. we demonstrate that the distortions are much less prondunce
Analysis of the intragap levels introduced by the differ- for the case of substitutional impurities on Ga, and the dif-
ent defects, highlighted by the symbols in Fig. 5 that de-ferences between sites 1 and 3 are correspondingly much less
note the defect charge state transitions, reveals a stitgig s pronounced. (Here, we only show the Ge impurity, but this
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FIG. 5: (Color online) Formation energies of intrinsic detfein GaTe as a function of electron chemical potential,revttiee dashed vertical
lines indicate the positions of the calculated valence baagimum (VBM) and conduction band minimum (CBM). Results (@) Ga-rich,
(b) stoichiometric, and (c) Te-rich are shown. The slopeaghdine segment indicates the charge sgdtem Eq. (2) with the lowest formation
energy for each defect over a given rangg.of The symbols indicate the charge state crossings wherea dafect changes charge. (The line
segment continuations for each charge state above thetlfovestion energy one are not shown for clarity.) Filled@es indicate acceptor
levels (transitions involving capture of an electron or enaegative charge), while open circles indicate donor $egeansitions involving
release of an electron or more positive charge). Asteristtisate negative-U transitions frogn= +1 to ¢ = —1 with no region of stability
for theq = 0 charge state. In (a) and (c), only the six lowest formatioergy defects are shown, for clarity.

levels (blue dotted lines). We see thatindeed Ga vacanties i
troduce very shallow acceptor levels. However;Gantisites
also introduce very shallow levels and should be much more
prevalent than vacancies under Ga-rich conditions dueeto th
lower formation energies [see Fig. 5(a)]. Thergdouble ion-
ization could also be consistent with the higher energy deep
levels observed experimentally. Jeantisites also show rea-
FIG. 6: (Color online) Relaxed structures of Te and Ga ititéats,  sonable, but not unambiguous, alignment with the measured
comparing sited; and/ from Fig. 3. data. A particular question is whether all four of the prestic
levels (two each for each Ga site) are separately observable
and consistent with the data.

Since the concentrations of both Ga and Te interstitials are
significant under all growth conditions, one might argue tha
for Te-rich material, annealing drivesT@ occupyVg, Sites,
creating Tg, antisites and enhancing charge trapping by these
antisites. On the other hand, one could argue that under Ga-
rich conditions, thermal treatment drives the reaction af.G
with Te; to form Ga, that could then occupy Ga vacancies,

2. Intragap levels: theory vs. experiments quenching charge trapping associated with both Ga vacancie
and antisites. Thus, it is difficult to assign levels to sfieci

Experimentally, at least three deep acceptor states (@t 0.4defects based solely on the thermal response. It is particu-
0.59, and 0.67 eV above the VBM) and one shallow acceplarly important to know the stoichiometric regime of thesry
tor level (at 0.14 eV above the VBM) were observed in un-tal during growth and/or annealing. Additionally, as shown
doped GaTe using deep level transient spectroscopy (DLTS)bove, one must consider the possibility that the eleatroni
and low-temperature photoluminescence, respectifeéfhe  anisotropy of defects on different Ga sites, such/gsand
shallow level was tentatively assigned to the- transition  Tesa can result in two distinct levels observed for the same
of Vsa While attempts to associate the deep levels to sperominal defect on different sites. Figure 9 clearly shows ho
cific intrinsic defects were made based on the thermal hyistorthe theoretical results for bottiz, and Tesa can be consis-
behavior of DLTS peaks, particularly whether the peaks ardent with the experimental data when accounting for the site
quenched, enhanced, or stable to thermal annealing. Thus, &nisotropy of the electronic behavior of these defects.

Ref. 6, tentative assignment was made of the 0.67 eV deep Given the experimental observation of excess Te atoms
level to doubly ionized/s,, Since the peak was thermally en- at grain boundaries in the crystals and reportspef/pe
hanced; the 0.59 eV peak topdkesince the peak was ther- conductivity*® (see below), we believe that GaTe is grown
mally stable; and the 0.40 eV peak to a complex between Gmostly in a Te-rich environment. Then, it is reasonable from
interstitial and Ga vacancy G&/s,, Since the peak was ther- our theoretical results to assign the measured deep acsepto
mally quenched. to the doubly ionized Ga vacancy and Te ansitites, as pro-

In Fig. 9, we show the calculated acceptor levels (red linesposed, since these defects introduce deep levels corsisten
of all intrinsic defects overlaid on the experimentallyeb&d  with the experimental data and also are dominant defects in

result is general for the set of impurities we have studiedl an
discuss later in Sect. IlIC.) As we will show in more detail
in Sect. lll C, substitutional impurities on Ga, like all éefs
studied on the different Te sites, do not show significamt sit
anisotropy of their electronic structures.



FIG. 7: (Color online) Partial charge densities of g, (a—d) andVczs (e—f) defects, for states near the Fermi level. The sta@srsin (a),
(b), (e), and (f) are the highest fully occupied levels; (ojl &g) are semi-filled states at the Fermi level; and (d) andu(@ the lowest fully
unoccupied levels. The energy of the states increases &firtolright in the figure. Comparison of (b) and (f), as wel(@sand (g), shows
the markedly different nature of the molecular orbitals lo@ two Ga sites. The isosurface in each plot encloses hatiedbtal charge in the
corresponding level.

equilibrium under Te-rich conditions. The shallow level is the material. In addition, Ga-rich conditions reduce theunc
consistent with single ionizetlz,. However, tests we per- rence ofl/z, shallow acceptors in favor of Gahallow donors,
formed for defect complexes consisting of a Ga vacancy (opromoting better carrier compensation (see Section Il a
site 1) and a neighboring Te interstitial (on two possiblessi  higher material resistivity than presently observed igaswvn
I; and ;) resulted in relaxation to g, indicating that the p-type material. Finally, we shall show in section Il F tha;G
vacancy—interstitial complex is not stable. The—Ga com-  and Gg, are much weaker scatterers than drd Tes,.

plex is similarly unstable, particularly considering ttze iso-
lated defectd/z, and Ga are oppositely charged (see Fig. 5)
which leads to a Coulombic attraction and annihilation &f th
defects rather than complex formation.

We note that the interpretation of the defect formation en-  ag mentioned above, as-grown GaTe has always been re-
ergy calculations above, in light of computing equilibrioar-  orted to possep-type character. However, an analysis of
rier concentrations, is sensitive to the band gap undemegti  {he net carrier concentrations in intrinsic material (dised
of DFT. In our analysis, we do not employ aagt hoc band i, more detail below in Sect. Il E), based on the intrinsie de
gap correction scheme, but rather interpret the formati@n-e  foct formation energies calculated above, predietgpe in-
gies within the calculated band edges indicated in Fig. $: Va yinsic material except for the most Te-rich conditionse[se
ious schemes have been employed in the literature, incgudinFig' 13(a)]. Then-type character of Ga-rich intrinsic mate-

a rigid shift of the conduction band edge to match the experyig| arises from a large concentration of Gavhile there is
imental band gag-** however recent work combining DFT 5 more complicated interplay of defects for extreme Te-rich
andGo W, calculations showed that suel hoc schemes ap-  ¢onditions. Thus, accidental impurities in the as-grown ma
plied without proper justification can lead to poorer préidit  terjg| may be significant, particularly in regard to cregtihe

of defect concentrations than application of no correctibn observed-type conductivity.

all.tt Here, we consider O and H as possible accidental impuri-

Our results for the pristine crystal suggest that growingties. Figure 10 shows the calculated formation energies for
GaTe in Ga-rich conditions could suppress at least one o® and H incorporated on various substitutional and intibabti
the near-midgap deep levels by substitutingal@vhich in-  sites, for Te-rich conditions. For O [Fig. 10(a)], the beloav
troduces one shallow and one deep level) fordahich in-  is similar to Te intrinsic defects, both elements being grou
troduces two deep levels). Reducing the concentrationaf su VI chalcogens. The dominant defects are O interstitialg-ho
deep levels would contribute to increased carrier lifesrime  ever they are electronically neutral throughout the barmul ga

B. Accidental impurities
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Substitutional G: is also neutral, while @, introduces a deep b) 3 ! : . H
acceptor state, but the formation energy of Ga substitsti®n > |
considerable higher than for the other O defects. ;:: |
Hydrogen defects [Fig. 10(b)] are all shallow acceptors, %”2 on, |
with interstitial incorporation again favored. Subsiibutal 5 |" |
Hgals a shallow double acceptor which is dominant for Fermi = .
levels close to the conduction band minimum, whilg Blub- % 1 M |
stitutions are not favored. The strong acceptor nature of H £ | <
impurities in GaTe implies that growth processes that iithib £ I \I\\
H incorporation may improve material resistivity (more de- or I (IR 1
tails in Sect. llIE). Oxygen impurities, on the other hand, | 1 SN .

while highly soluble in the material, may not be too detrimen -0.5 0 0.5 1 1.5
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FIG. 10: (Color online) Formation energies of (a) oxygen &y
hydrogen impurities on various incorporation sites in Gade Te-
rich conditions. Calculated LDA band gap is indicated bywésical
dashed lines.

Judicious doping of the semiconductor can be an effective

means to optimize the resistivity, carrier mobility, andra

C. Dopants
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holes, we seek a dopant that will compensate the material wit U T
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stitute the cations with higher valency atoms, such as gidup Electron Chemical Potential (eV)
or V elements substituting Ga. Isovalent doping may also be C) 3 | ] T Ge |
advantageous if certain electronic property modificatiosea A I | N GeG"‘
due mainly to differences in electronegativity of the dadpan = 2.5 I I _ GeGa3-
atom compared to the host atom. % /& i ' Ge
Experimentally, isovalent doping of GaTe with In was %” INC o8t i
attempted. It was observed that one of the deep levels iden- S 1.5¢ Lo .
tified in the as-grown material disappeared and a new shallow g . _,e“l'
level appeared. The authors argued that In atoms could oc- € I[.-*%° T
cupy Ga vacancies, which might suppress the occurrence of E 05l I ]
both deep and shallow levels relatedifg, and introduce a A I
new shallow level. The new shallow level was speculated to of | 8
be a complex of Ip-Va. 03 (l) 55 ] 1'5
We tested computationally the possibilities of doping GaTe ’ Electron Chemical Potential (eV)

both with isovalent and higher valency elements. The result

for In apd Ge are shown in Flgs. 11and 12, respect_lvelly. FIG. 12: (Color online) Formation energies of Ge dopants aT1&
We find that In prefers to incorporate by substitution of incorporated on different sites, for (a) Te-rich, (b) stidmetric, and

Ga sites (both sites 1 and 3 about equally), witBalbe-  (c) Ga-rich conditions. Calculated LDA band gap is indicag the
ing electronically inactive (neutral throughout the bamg)y  vertical dashed lines.

Interstitial In is a shallow donor, and the lowest formation

energy electrically active defect. Since the fraction of In

dopants incorporated as interstitials is expected to be lowehavior of intrinsic defects like &g or Vza. Our calculations

(x exp[—(AEfmn, — AEfing,)/ksT] at equilibrium), in-  for the In—Vs, complex predicted it to be unstable, due to the
dium doping may be able to contribute to compensation of th&€oulombic attraction between the oppositely chargedisdla
intrinsic acceptor defects, but would also contribute a Imuc defects leading to annihilation into the neutragdnthus, no
larger concentration of neutral substitutional defectsbssi-  new shallow level is predicted to occur from such a complex.
tutional Inr are shallow acceptors, but these are not expected Germanium, as a group IV element, is a donor when sub-
to contribute due to the much higher formation energy. In adstituting Ga, which is favored for Te-rich conditions [see
dition to the formation energies for the Ga substitutions noFig. 12(a)]. In Ref. 25, theoretical calculations of geriiam
showing a site dependence, Fig. 11 shows that the electronan gallium sites in GaTe were reported with results simiar t
properties also are not site dependent for In dopants. @bks| owers. The authors, however, did not consider Te sites for
of Ga site dependence seems to be universal for extrinsic d&e incorporation. Again, we see no Ga site dependency. For
fects (see also Fig. 12, for example), which is counter to thé&a-rich conditions, Gg double shallow acceptors are at least



10

comparable in concentration to g Interstitial Ge is not fa- E. Net carrier concentration
vored under any conditions and is either a neutral defect or

possibly introduces a very deep acceptor state. At somevalu sing the results from the previous sections, we can apply
of chemical potential difference between stoichiometrida gq. (5) for the charged defects to calculate the conceatrati
the extreme Ga-rich limit, the formation energies forgGe  of free carriers — electrons and holes — introduced in theeGaT
and G¢, cross, leading to an interesting site-dependent amerystal by intrinsic and extrinsic defects. The prefaetpin
bipolar behavior. Such behavior may be exploited to achieveq. (5) corresponds to the density of possible incorpomatio
self-compensation through a careful annealing process. F@ites for the specific defect, including a multiplicity facthat
example, by growing the material under Ga-rich conditionsaccounts for symmetry. All atomic sites in the primitivel ol
then partially annealing for a time in a Te-rich environment GaTe are on Wyckoff positions “i” (of group C2/m unique axis
a controlled conversion of a fraction of initially incor@ted  b). In our calculations, we have grouped together siteddabe
Gesa dopants into Gg and a consequent pinning the Fermi 2 and 3 on Fig. 3, since the atomic environments and elec-
level could be achieved. A similar type of ambipolar behavio tronic properties are very similar for those two sites fottbo
was recently observed for Sn dopants in Af3b. Ga and Te atoms, as indicated by the PDOS analysis shown
Indeed, GaTe samples doped mildly with Ge experimenin Fig. 4. Therefore, for defects on sites 2 and 3, the prefac-
tally showed better response to radiation measureniéhts.  tor ¢, = %Qal, whereQ is the primitive unit cell volume),
proved control of the Ge incorporation could further improv \yhereas for defects on site 4, = %Qal_ The multiplici-

the resistivity, as our more quantitative analysis in SBE  tjes of interstitial sites also follow this rule, since eiefects
shows. Interestingly, our results here related to Ge cordpp  having starting configurations with lower multiplicitielsan
support the conclusion from Sect. 1ll A on intrinsic defects Wyckoff position “i” (such as thd; site on Wyckoff position
that Ga-rich growth should promote higher quality radiatio “b") were found to relax into positions “f;” “g,” or “h,” whit

detection material. have the same multiplicity as position “i.”

Further discussions of the effects of In and Ge dopants on Charged defects will introduce either holes or electrons in
the net carrier concentration (resistivity) and carriet®ing  the crystal depending on whether they are accepiors() or
(mobility) are found below in Sects. Il E and Il F. donors ¢ > 0), respectively. Those free carriers are balanced

by the total of charged defect cores left behind through the
charge neutrality equation

n(pe) + Y aici =plue) + Y a45¢5, (6)

When atoms of extra elements are added to the growth pro- 44; <0 J:a3 >0

cess with the intention of doping the resulting material, inywhere thec; are the concentrations of charged defects given
addition to simply becoming incorporated into the lattide 0 py Eq. (5),¢, are the charges, and(y.) andp(y.) are the

the pristine material, there is the possibility that suchalis  concentrations of free electrons and free holes in the ater
will form competing phases with one or more of the origi- respectively, given by

nal elements. For example, In can react with Ga and/or Te -

atoms to form InTe, lsiTes, InyTes, In4'_re3, GalnTe, and n(ite) :/ D(s).[1+exp(€ He )~ Lde

other compounds. As a matter of fact, it has been shown that CBM kT

the formation of InTe may be crucial to obtain high quality VBM £—p

ohmic contacts on GaTe, whereas the formation of GalnTe P(k.) = / D(e) {1 -1+ exp(k—Te)]_l}d& (7)

. . . . . b

is detrimentaP® Germanium also combines with Te to form o

GeTe. In addition to these phases, Ga and Te can also cowhereD(¢) is the electronic density of states of the host crys-
bine with O to form a very complex structuféThe presence tal. In Eq. (6), the summation on the left hand side reprasent
of possible competing phases restricts the range of chémica sum over all acceptors and on the right hand side a sum over
potentials in Eq. (2). This issue is partially approache80n all donors in the crystal. Note that the formation energggiv
Qualitatively, the formation of competing phases can hbhee t by Eq. (2) that appears in Eq. (5) for depends on the elec-
effect of removing an excess of a certain host element in th&ron chemical potential.. However,u. is modified by intro-
crystal as it reacts to form the secondary phase. For examplducing free carriers in the material. Therefore, to obthim t
since In and Ge combine with Te atoms rather than gallium tequilibrium electronic chemical potential, which isa priori

form compounds, the presence of In or Ge in GaTe can help tanknown, we need to solve Egs. (5), (6), and (7) iteratively t
shift the chemical equilibrium towards Ga-rich/Te-poon€o obtainu., n, andp self-consistently.

ditions. As already noted above, Ga-rich growth conditions When evaluating these equations in the presence of extrin-
should promote higher quality radiation detection matgsim  sic defects, we fix the total concentration of each extrinsic
In and/or Ge doping may be favorable in this regard. Thisdefect in the crystal and obtain the relative fraction infeac
chemical effect is in addition to the doping effect when the e possible incorporation site and charge state from the forma
ement is incorporated into the host crystal lattice, maddy tion energies. This means that we do not treat the calculated
the net carrier concentration and shifting the electromehe formation energies of extrinsic defects as absolute vahegs

ical potential. These latter effects are discussed in thx¢ ne are directly compared to the formation energies of therintri
section. sic defects. Note that the equilibrium temperature for ctefe

D. Competing phases
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formation in Eq. (5) and the free carrier temperature in B)j. ( centrations of Ges x 106, 10'7, and5 x 107 cm—3, for
should be independently chosen. The latter correspontieto t Figs. 14(a), (b), and (c), respectively. Although fairlyogo
actual operating condition of the device (taken as 300 Kig th compensation is seen in Fig. 14(b), it is also evident from
work) since the free carriers will thermalize; the formeass  Figs. 14(a) and (c) that small variations of only half an orde
sociated with freeze-in of defects as the material coolsrdowof magnitude in the concentration of Ge completely change
from the melt and defect diffusivities decrease. In ourgnal the type of dominant free carrier in the material and the com-
sis, we assume a constant freeze-in temperature for atftdefe pensation is correspondingly very sensitive. Therefarect
which we treat as a parameter set to an elevated temperaturempensation of GaTe with Ge, although possible, needs to be
in the range of 600 K up to the growth (melt) temperature ofvery carefully tuned. We have already discussed in Sect. Il|
1100 K (1097 K). that Ge can act as either a donor or an acceptor, depending
In Fig. 13(a) we show the calculated concentration of ne@n whether incorporated on Ga or Te sites, both of which
carriers in intrinsic GaTe as a function of the chemical po_are favorable under different chemical environments. Thus
tential differenceAy = ure — pce (NegativeAu is Ga-  carefulannealing process with the chemical environmeldt he
rich/Te-poor and positive\ ;. is Te-rich/Ga-poor). The solid at the opposite extreme from the growth environment, as de-
lines indicate excess electromst{pe conductivity), while the ~ scribed above in Sect. Ill C, may be used to tune the compen-
dashed lines indicate excess holpsy(pe), so we see that sation for a given incorporated concentration of Ge. Thes pr
a type change occurs at moderately Te-rich conditions. Fogess would correspond to tuning horizontally along the esirv
most conditions, from Ga-rich to moderately Te-rich, the in in Fig. 14 to find the type-crossover point or minimum carrier
trinsic material is-type; only under highly Te-rich conditions concentration point.
is the intrinsic material predicted to Ipetype. This behavior Finally, Fig. 14(d) shows the result for the same situati®n a
is a consequence of the high occurrence of, @ich is the  in Fig. 14(b) (H:10'7 cm™3, 0:10'? cm~3, Ge: 10'7 cm™3)
only donor of all intrinsic defects studied. The occurreate but also adding0'° cm—3 In dopants. It is clear that the ad-
Ggq is significant even for Ga-poor conditions, but for highly dition of In, even at such high concentrations, does notaffe
Te-rich conditions, other defects suchlas, and Tes, (both  very much the density of free carriers in the material. This
acceptors) are more prevalent and switch the matpiigbe.  is expected, since Fig. 11 shows that In is electronicaligin
As-grown material has always been reported to speaype tive on Ga sites, introducing electrons only when it is pnése
conductivity experimentall§;® which hints that unintentional on interstitial or Te sites, which are not favorable due ® th
impurities convert the intrinsic material petype conductivity.  higher formation energy. However, as discussed in Sed, ll|
We note generally a moderately low intrinsic net free carrie the presence of In can shift the chemical equilibrium toward
concentration overall, if no impurities are present. Ga-rich conditions during growth, which reduces the occur-
Therefore, to explain the observesitype character of rence ofl, affecting the compensation and net carrier con-
GaTe, we either must have material grown under very Tecentration. Thus, the results here are not incompatible wit
rich conditions or we have to consider accidental incorporathe experimental observation that incorporation of In iT&a
tion of impurities. For this purpose, we consider two of theincreases the resistivity of the materfal.
most ubiquitous contaminants, O and H, as already discussed
in Sect. IlIB. In Figs. 13(b) and (c) we show the net carrier
density of intrinsic GaTe including an added impurity con-
centration of 107 cm=2 of O or H, respectively. We see that
O impurities [Fig. 13(b)] do not have a large impact on the
free carrier concentration of GaTe, since most O impuréies In addition to possibly introducing free carriers that add
neutral as shown above in Fig. 10(a). Hydrogen, on the othdsackground noise to a radiation detector and possibly -ntro
hand, dramatically changes the situation, since thoserimpu ducing intragap levels that trap carriers, defects alsorean
ties add acceptors to the material [see Fig. 10(b)] and make duce the mobility of photon-induced carriers by disturktimg
p-type under most conditions. For illustration, in Fig. 13(d otherwise perfectly periodic lattice and introducing seiding
we show the result of including both O and H impurities, butcenters. Here, we are mainly concerned with comparing and
with the concentration of O impurities set two orders of mag-ranking the detrimental effect on carrier mobility of a sét o
nitude higher (1& cm=2) than H (107 cm~2). Even with  defects (intrinsic or impurity), related to the lattice tdigion
the concentration of O impurities being two orders of magni-introduced by the defect. The additional effect of Coulomb
tude above that of H, we still obtamtype character for most scattering degrades the carrier mobility as well (for ckdrg
conditions, in line with the experimental reports. Sincesth  defects), however this long-range effect is essentiakiyiid
impurities are prevalent, their presence likely represéme  cal for all defects with the same magnitude of charge. Since
state of as-grown undoped experimental material. As a modehost of the pertinent defects for this analysis are eithwglsi
for the as-grown undoped material, we take the conditions ofharged or neutral, we simply focus on the relative scatter-
Fig. 13(d). ing rates due to the lattice distortion and assume a constant
In Fig. 14 we analyze the compensation doping effectdcoulomb scattering contribution for charged defects.
of Ge and In, as discussed above in Sect. IlIC. We begin To calculate the carrier scattering rate by a defect, we use
with the baseline as-grown material from Fig. 13(d) (inelud Fermi’s golden rule to evaluate the scattering rate between
ing 1017 cm™3 H and10'® cm~3 O) and add increasing con- electronic state® ;(k’) and ¥, (k), with energies s ande;,

F. Carrier scattering by defects
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FIG. 13: (Color online) Net carrier concentration at 300 kadanction of chemical potential differenéeu = pre — pica, for different defect
freeze-in temperatures indicated on the plots (blue li6€8: K, magenta lines: 850 K, yellow lines: 1100 K). (a) Insimdefects only; (b)
intrinsic defects + 18 cm™2 O impurities; (c) intrinsic defects + 10 cm~3 H impurities; (d) intrinsic defects + 1 cm=3 O + 107 cm™
H impurities. Thick lines indicate excess electrongype conductivity), while thin lines indicate excess tsofe-type conductivity). Positive
Ay corresponds to Te-rich conditions, while negative corresponds to Ga-rich.

ag? Figs. 12. Most other extrinsic defects considered are moder

o ate to low scatterers.
2
Wij =+ (5 (K') | Voer @i (k))|™ d(ef —ei)  (8)

whereVpen(r) = Vy(r) — Vo(r) is the perturbation potential IV. ANALYSIS

taken as the difference of the total potential in the defelif c . . _ _ _
V,(r), and the ideal cell};(r), with the defect cell includ- The results in Fig. 15 must be a_lnalyzed in conjunction with
ing full atomic relaxation. Equation 8 must be averaged ovefh€ results from the previous sections. In order to optirtiiee
all pairs of states in the Brillouin zone to get the total srat ~ Performance of the crystal as a radiation detector, we shoul

ing rate, but it has been shown that a relative measure of tH&Vor:

average scattering rate can be obtained figg alone via® 1. defects with lower charge states (neutral) instead of
) ones in higher charge states.
M? = (/ dr|VVpert|> : 9) 2. charged defects that introduce shallow levels instead of
deep ones.

Figure 15 shows the results of evaluating Eq. (9) for the set
of defects considered in this work for GaTe. For both Ga and
Te interstitials, only site/;, the one with the lowest forma-
tion energy among the four tested, is included. We see thdh addition, we seek to compensate intrinsic free carriers i
Te; introduce the highest scattering among intrinsic defectsthe material through dopants, respecting the preceptsdstat
followed by Vs, and Vie.  Interstitial Ge are strong carrier above as much as possible.
scattering centers, but they should be much less frequentth  For example, despite being strong carrier scatterersarée
germanium incorporated on either Ga or Te sites, as seen imeutral across the band gap of GaTe, so they do not add free

3. defects that introduce less structural distortions kwea
carrier scatterers).
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FIG. 14: (Color online) Same as Fig. 13(d), but including @d & impurities as well. (a) G x 10'¢ cm™2, (b) Ge:10'" cm~2, (c) Ge:
5 x 10'7 em3, (d) Ge: 10*® cm~3, In: 10" cm™3. The concentration of H and O impurities, respectively]G$” and10*® cm~2 in all
cases.

carriers or intra-gap levels. However, another defectithia=  present in amounts large enough to cause formation of com-
vored under Te-rich growth situation, Jgantisites, introduce peting phases to Gaie(see Sect. Il1D), its presence is not
two deep levels in the gap of GaTe (see Fig. 9), in spite of bea major limiting factor for the performance of GaTe radiatio
ing electronically self compensating and not introduciregef ~ detectors. Hydrogen, on the other hand, is not such a strong
carriers, as shown in Fig. 5(c). These defects are moderatmarrier scatterer, but it is a strong trap for electrons, ias d
carrier scattering centers. On the other hangk@aan accep- cussed in Sect. lll B. Thus, H is much more detrimental to the
tor that introduces only one deep level in the crystal and is &rystal’s electronic properties than O. Since the mostrfavo
much weaker carrier scatterer than the other two defects jusble configuration for H impurities in GaTe is a very mobile
mentioned. Gallium interstitials are the second weakest cainterstitial, it would be extremely difficult to limit its awir-

rier scatterers among the intrinsic defects, aftef.G@allium  rence even if the crystal is grown in a highly pure chamber.
interstitials are also the only native donors observed ifigGa Incorporation of H is also likely to occur during operatioin o
[see Fig. 5(c)]. The frequency with each defect occurs ismiv the device, particularly if specially-designed encaptsoitais

by Eq. (5). The carrier scattering rate goes with the square cnot employed.

the scattering strengt (Eq. (9)), indicated in Fig. 15. Doping with In does not add significant carrier scattering
These results indicate that a Ga-rich growth environment igo the crystal, nor does substitutional Ge (on either Ga or Te
preferred, since it reduces the presence of carrier tra&§o€8S  sjtes). On interstitial sites, however, Ge becomes a strang
ated with defects such asdgand Vs, which along with Te  rier scatterer, however it does not introduce significamhnu
also happen to scatterer carriers much stronger than defegiers of free carriers to the crystal. However, as shown in
which are prevalent under Ga-rich conditions, such ag Ga Sect. 111 C, under Ga-rich conditions and for nearly intiins
and Ga. In addition, Gais the only intrinsic donor we found, or compensated material (Fermi level close to the middle of
and its presence can resultin better compensated matéhal w the band gap), the formation energy of these interstit@ls i
higher resistivity. about 0.5 eV higher than the substitutional configuratians o
Regarding extrinsic impurities, we see in Fig. 15 that O im-Te or Ga sites. In fact, the Fermi level can be pinned near
purities, despite introducing moderate carrier scattec@n-  the middle of the gap by the incorporation of substitutional
ters, are mostly electronically inert. Therefore, unlessO Ge dopants on both sites, as shown in Fig. 12 and discussed
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1.5 o o ties) found in our analysis, while the Gia a relatively weak

carrier scatterer and is the only intrinsic donor identified
GaTe. The Tg, antisites that also are prevalent in Te-rich
material are moderate carrier scatterers and also inteoduc
least two deep levels into the material (detrimental toiearr
lifetimes). Gallium-rich crystals, on the other hand, have
higher concentration of Gaantisites, which are weak carrier
scatterers and only introduce one deep and one shallow level
in the band gap. Moreover, Ga-rich crystals have higher con-
centrations of Gawhich are the only donors identified among
the intrinsic defects analyzed. Their presence help compen
sate acceptor-type impurities which have invariably haaenb
reported experimentally to-date. Finally, shifting theishio-
metric balance towards Ga-rich conditions reduces thereccu
rence ofV,, Which are strong carrier scatterers and also in-
troduce deep levels. Our analysis strongly suggests that Ga

FIG. 15: (Color online) Relative average scattering sttesigf in-  1ICh material should have significantly higher resistivitpr-
trinsic defects (green solid bars), impurities (blue deshers ) and  fier mobilities, and carrier lifetimes compared to Te-rioh-
dopants (red shaded bars) in GaTe. Only the lowest formatiergy ~ terial.
configurations are shown for Ga and Te interstitials (&i)eand for As Te is a chalcogen, contamination by O atoms in GaTe is
extrinsic defects. The value foica was set as unity. expected to happen easily. This is not a major concern, since
O is electrically inactive and also a weaker carrier scatter
than most intrinsic defects in GaTe, thus neither restgtivor
in Sect. llIC. These results indicate that both In and Ge arenobmty is strong|y affected by O impurities_ Hydrogen im-
good candidates for compensation doping of GaTe. In addipurities, on the other hand, are a major concern, as they con-
tion to their advantageous properties described abovihierei tribute strong shallow acceptor states that are suspeatat t
one would significantly degrade charge transport in the-crysjeast account partly for the-type character always observed
tal. in as-grown GaTe. Since H tends to incorporate in inteastiti
sites on GaTe, it is probably insufficient to control the puri
of the chamber during growth to prevent the occurrence of H
V. CONCLUSIONS contamination; it is likely to happen during operation oé th
device, upon exposure to the atmosphere.

Given its complex and layered structure, even perfect crys- Although In is mostly electronically inactive in GaTe, its
talline GaTe presents highly dissimilar electronic préiesr  presence can be beneficial for achieving high quality GaTe
in different directions, with carriers almost six times #tea for radiation detectors. Indium can form several compounds
ier along one of the in-plane directions (perpendiculah® t with excess Te atoms, shifting the chemical equilibrium-dur
horizontal Ga-Ga bonds shown in Fig. 3) than in the othefng crystal growth towards more Ga-rich conditions, conse-
in-plane direction, as well as across the atomic Iayers.-Corquenﬂy decreasing the occurrence of detrimeital Tesa
sidering the highly anisotropic effective masses and tieé fa and Te defects.
that the carrier mobilities across the stack of atomic layer Germanium doping—due to its ambipolar electronic behav-

are dominated by homopolar optical phonon scattering, ongy in GaTe, being an acceptor on Te sites and a donor on Ga
should carefully choose where to place the electrical congjies__can be an effective way to compensate the material and
tacts with respect to crystallographic directions whemifab jncrease resistivity, particularly if a carefully contes an-
cating devices for detectors or for characterization MeaSU negling process can be used to tune the chemical environment
ments. Also due to the anisotropy of its crystal structure of tne dopants. Incorporation of Ge, as well as incorporatio

GaTe is a material prone to several intrinsic defects. Moreys | does not significantly degrade charge transport in the
over, its highly anisotropic structure can cause defecwdifon crystal by introducing carrier scattering.

ferent sites to present markedly different electronic baita
As a consequence, different electronic gap states idahéfe
perimentally can be associated with a single transition of a

T

Relative Scattering
o
a

O,
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